P2X receptors are trimeric ATP-activated ion channels permeable to Na 1 , K 1 and Ca
. The seven P2X receptor subtypes are implicated in physiological processes that include modulation of synaptic transmission, contraction of smooth muscle, secretion of chemical transmitters and regulation of immune responses. Despite the importance of P2X receptors in cellular physiology, the three-dimensional composition of the ATP-binding site, the structural mechanism of ATP-dependent ion channel gating and the architecture of the open ion channel pore are unknown. Here we report the crystal structure of the zebrafish P2X 4 receptor in complex with ATP and a new structure of the apo receptor. The agonist-bound structure reveals a previously unseen ATP-binding motif and an open ion channel pore. ATP binding induces cleft closure of the nucleotide-binding pocket, flexing of the lower body b-sheet and a radial expansion of the extracellular vestibule. The structural widening of the extracellular vestibule is directly coupled to the opening of the ion channel pore by way of an iris-like expansion of the transmembrane helices. The structural delineation of the ATP-binding site and the ion channel pore, together with the conformational changes associated with ion channel gating, will stimulate development of new pharmacological agents.
ATP, best known for its roles in energy metabolism, intracellular signalling, biosynthetic reactions and active transport, is a crucial extracellular signalling molecule 1 that binds to two different classes of ATP receptors: ionotropic P2X receptors 2 and G-protein-coupled P2Y receptors 3 . P2X receptors are found exclusively in eukaryotes, are expressed throughout the human body including the nervous, cardiovascular and immune systems, and are implicated in a wide range of physiological processes such as synaptic transmission, smooth muscle contraction, taste, nociception and inflammation 4, 5 . Accordingly, P2X receptors hold great interest as new therapeutic targets for inflammatory, cardiovascular and neuronal disease 6 . P2X receptors are trimeric assemblies composed of seven distinct subunit subtypes (P2X [1] [2] [3] [4] [5] [6] [7] 7 that associate to form homomeric and heteromeric complexes 8, 9 . All subunits share a common topology, with intracellular termini, two transmembrane domains and a large, glycosylated and disulphide-rich extracellular domain 2, 10 . The extracellular domain contains binding sites for ATP, competitive antagonists and modulatory metal ions, whereas the transmembrane domains form a non-selective cation channel 11 . The gating properties of the ion channel by agonist vary markedly with receptor subtype, with the P2X 2 , P2X 4 and P2X 7 homomeric channels showing slow desensitization and the P2X 1 and P2X 3 channels exhibiting rapid desensitization 7 . Although the P2X receptors are ostensibly non-selective cation permeable ion channels, several studies suggest that P2X receptors, especially after prolonged ATP application, are permeable to large organic cations such as N-methyl-D-glucamine (NMDG) 12, 13 . The pharmacology of P2X receptor subtypes is also divergent, with the sole common feature being activation by ATP and variable yet marked allosteric modulation by metal ions, protons and lipophilic small molecules 14 . At present, we know little about the location and composition of the ATP-binding site, the conformational changes that ensue after ATP binding, and the nature of the open, ion-conducting pore of P2X receptors.
The zebrafish P2X 4 receptor 15 was recently crystallized in an apo, closed state and the resulting structure showed the chalice-shaped trimeric architecture of P2X receptors 16 , defined the protein fold of the extracellular domains and illuminated the conformation of the closed ion channel pore. The closed state structure, in combination with previous mutational studies [17] [18] [19] [20] [21] [22] , suggested a location for three noncanonical and intersubunit ATP-binding sites. However, the absence of an experimental crystal structure in complex with ATP meant that the binding site for ATP, the mechanism of ATP-dependent gating and the nature of the open ion channel pore remained speculative. Here we report the crystal structures of the slowly desensitizing P2X 4 receptor in the presence and absence of ATP at 2.8 and 2.9 Å resolution, respectively. The ATP-bound structure reveals a previously unseen ATP-binding motif and an open pore conformation. Most importantly, a comparison of the two structures suggests how ATP binding is coupled to ion channel gating, thus providing the first, to our knowledge, structural insights into the agonist-induced activation mechanism of P2X receptors based on atomic resolution crystal structures.
Crystallization and structure determination
Initial crystals of the DP2X 4 -B-ATP complex, using the construct from the X-ray structure determination of the apo state 16 , diffracted to only 7 Å resolution. We therefore screened new constructs of the P2X 4 receptor, in combination with further P2X receptor orthologues, by fluorescence-detection size-exclusion chromatography (FSEC) 23 . The deletion of several other residues from the carboxy terminus and the return of residue 51 to the native Phe yielded DP2X 4 -C-a construct that starts at Ser 28, ends at Lys 365 (DN27/DC24/N78K/ N187R) and possesses a sharp and symmetric FSEC elution profile ( Supplementary Fig. 1a ). The DP2X 4 -C construct has similar ATPbinding and gating activities to the wild-type receptor 16 , as judged by filter binding and two-electrode voltage clamp experiments, respectively ( Supplementary Fig. 1b-f) . Notably, DP2X 4 -C yields crystals in the presence of ATP that diffract X-rays to 2.8 Å resolution. The resulting structure was solved by molecular replacement using the previously solved DP2X 4 -B structure as a search probe, and refined to good crystallographic statistics and stereochemistry (Supplementary Table 1 and Supplementary Figs 2-4) .
We also measured X-ray diffraction data from apo state crystals of the DP2X 4 -B construct at a higher resolution (2.9 Å ) than that obtained from crystals used in the initial structure determination at 3.1 Å resolution 16 . Analysis of electron density maps derived from the higher resolution apo and ATP-bound data sets allowed us to correct an incorrect registration of residues 88-97, by one residue, present in the initial apo state structure ( Supplementary Fig. 5 and Supplementary Table 1 ). Because the new DP2X 4 -B structure (termed DP2X 4 -B 2 ) is more accurate than the original structure (termed DP2X4-B 1 ), we use the former in comparisons with the ATP-bound state.
Architecture
The ATP-bound DP2X 4 -C receptor adopts a chalice-shaped, homotrimetric architecture consisting of a large hydrophilic and glycosylated extracellular domain, a transmembrane domain composed of 6 a-helices and short intracellular amino and carboxy termini (Fig. 1) . Each subunit resembles the shape of a dolphin, with the transmembrane helices and the extracellular region akin to the flukes and the body, respectively (Fig. 2a) . The protein fold and overall structure of an ATP-complexed DP2X 4 -C subunit is similar to that of an apo DP2X 4 -B 2 subunit (Figs 1 and 2a) , as illustrated by a root mean squared deviation (r.m.s.d.) of 1.8 Å for the Ca atom position after superposition 16 . Superposition of the ATP-bound and apo trimers, however, yields r.m.s.d. values of 3.2 Å for the Ca atoms, thus demonstrating that substantial conformational changes are associated with the binding of ATP, with some of the largest differences found at and adjacent to the ATP-binding sites in the extracellular domain and within the ion-conducting transmembrane domain (Fig. 2b ). In the context of the trimeric receptor, superposition of the apo, closed state with the ATP-bound state demonstrates that the upper body domain does not undergo substantial conformational changes after ATP binding, thus suggesting that the upper body domain is a relatively rigid 'scaffold' or 'brace' (Fig. 2c, d ). The lower body domain, by contrast, does not superimpose well after comparison of the apo and ATPbound states because of an outward 'flexing' of the body domain ( Fig. 2c, d ). This conformational difference between the two states expands the lower region of the extracellular vestibule, increasing the separation between the Ca atoms of Asp 59 residues on adjacent subunits from 15.0 Å in the apo state to 25.5 Å in the ATP-bound form. The notable movement of the lower body domains, in turn, directly expands the transmembrane helices (Fig. 2c, d ). Overall, analysis of the ATP-bound structure, in combination with comparison to the apo structure, allows us to define the agonist-binding site and to propose a mechanism by which agonist binding leads to ion channel gating in P2X receptors.
ATP-binding site
Inspection of electron density maps derived from DP2X 4 -C-ATP cocrystals immediately showed a prominent feature consistent with the molecular composition of an ATP molecule ( (Fig. 3c) . ATP is recognized by the upper (chain A) and lower (chain B) body domains through extensive hydrophilic interactions (Fig. 3d) derived from an underlying protein fold that is, to the best of our knowledge, different from any other known ATPbinding motif. The head domain, left flipper and dorsal fin participate in several further direct contacts with ATP ( Fig. 3d and Supplementary  Fig. 7 ), consistent with their essential participation in the ATP-binding site (Fig. 2) . The bound ATP molecule adopts a U-shaped structure, with the b-and c-phosphates folded towards the adenine ring and the basesugar constellation in an 'anti' conformation (Fig. 3d) -a conformation previously observed in class II aminoacyl transfer RNA synthetases 25 .
In the DP2X 4 -C complex with ATP, the U-shaped conformation of negatively charged phosphate groups participate in salt bridge and hydrogen bonding interactions, with a cluster of highly conserved basic and polar residues emanating from the two subunits that together form the agonist-binding pocket (Fig. 3d) . Using the ATP molecule bound at the agonist site between the A and B subunit as an example, Lys 70 (chain B) occupies a crucial site because its ammonium group resides at the centre of the triphosphate 'U', forming interactions with oxygen atoms on the a, b and c phosphate groups. Asn 296 and Lys 316 from chain A mediate further contacts with b-phosphate groups, whereas Lys 72 (chain B), Arg 298 (chain A) and Lys 316 (chain A) participate in interactions with the c-phosphate (Fig. 3d) .
The extensive intersubunit interactions with the b-or c-phosphate groups provide a plausible explanation for why ADP and AMP have very weak or no effect on the activation of P2X receptors 26 . Yet the triphosphate moiety is not entirely buried in the agonist-binding pocket and the b and c groups are partially exposed to solvent, consistent with the observation that diadenosine polyphosphates are full or partial agonists at rat P2X receptors 27, 28 . Interactions between the receptor and ATP are also mediated by solvent molecules, and in the crystal structure a glycerol molecule bridges interactions between Lys 193 and the a-phosphate (Fig. 3d and Supplementary  Fig. 8a ) and a second glycerol molecule participates in interactions with the b-and c-phosphates (Supplementary Fig. 8b ). Under physiological conditions we suggest that several water molecules, instead of the glycerol molecules, occupy these sites.
The adenine base of ATP is deeply buried in the ATP-binding pocket (Fig. 3b) , and is recognized by three hydrogen bonds with the side chain of Thr 189 and the main-chain carbonyl oxygen atoms of Lys 70 and Thr 189 in the lower body (Fig. 3c, d and Supplementary  Fig. 7a ). All these residues are strictly conserved 16 and have been implicated in the ATP-dependent gating of P2X receptors [17] [18] [19] [20] [21] [22] and in the adenine base recognition 29 . There are also hydrophobic interactions between the adenine base and Leu 191 in the lower body and Ile 232 in the dorsal fin (Supplementary Fig. 7b ). The hydrophobicity of these residues is conserved 16 , and Leu 186 in rat P2X 2 , corresponding to Leu 191 in zebrafish P2X 4 , is suggested to be involved in the recognition of the adenine base 30 . The ribose ring of ATP is recognized only by Leu 217 in the dorsal fin through hydrophobic interactions ( Supplementary Fig. 7b ), and the O2 and O3 atoms of the ribose ring are solvent-accessible (Fig. 3b) . Consistent with the solvent exposure of the ribose O2 and O3 atoms, ribose-modified ATP analogues can activate or inhibit P2X receptors 31, 32 .
Base specificity P2X receptors preferentially recognize ATP, whereas CTP has at most a weak effect on receptor activity 33, 34 and GTP and UTP do not activate P2X receptors 26 . To understand the mechanism by which P2X receptors achieve this specificity, we superimposed GTP, CTP and UTP onto the ATP molecule bound to the DP2X 4 -C structure and measured the binding of the nucleotide triphosphate molecules with a competition assay using 3 H-ATP (Supplementary Fig. 9 ). CTP and ATP contain similar 'amidine' functional groups within their base ring structures, and on the basis of our superposition, CTP can form hydrogen bonds between the base N4 atom and the carbonyl oxygen atoms of Lys 70 and possibly Thr 189 (Supplementary Fig. 9b ). Because the base of CTP is smaller than that of ATP, however, the N3 atom is too far from the side chain of Thr 189 to form a hydrogen bond. In addition, the smaller cytidine base does not fill the agonistbinding pocket and the resulting cavity probably further diminishes the extent to which CTP can bind to and activate P2X receptors. GTP and UTP, in contrast to ATP and CTP, possess nearly reciprocal hydrogen bonding groups on their base rings ( Supplementary Fig.  9a-d) and are therefore unable to form favourable hydrogen bonding interactions with carbonyl oxygen atoms of Lys 70 and Thr 189, thus providing a chemical explanation for why GTP and UTP bind with low affinity to P2X receptors.
Open pore conformation
The DP2X 4 -C structure reveals an uninterrupted, continuous transmembrane pore (Fig. 4) . The pore is lined primarily by TM2 with residues Leu 340, Ala 344, Ala 347, Leu 351 and Ile 355 exposed to the putative ion permeation pathway (Fig. 4d) , an observation consistent with cysteine-accessibility studies [35] [36] [37] [38] [39] . In comparison to the DP2X 4 -B 2 apo state structure, in which Leu 340 and Ala 347 define the extracellular and intracellular boundaries of the closed ion channel gate, respectively, the most narrow diameters of the ion conductive pathway in the DP2X 4 -C structure are at Ala 347 and Leu 351 (,7 Å ), observations in accord with experiments on the permeability of P2X receptors to organic cations 40, 41 (Fig. 4d, e and Supplementary ARTICLE RESEARCH Fig. 10 ). Thus, we propose that this ATP-bound structure represents an activated, open channel conformation. P2X 4 receptors are well known for undergoing 'pore dilation' after prolonged application of ATP, a process defined by increased permeability to large organic cations such as NMDG, with a mean diameter of 7.3 Å 12, 13, 42 . To probe the functional properties of the DP2X 4 -C ion channel pore, we carried out two-electrode voltage clamp studies, examining whether prolonged application of ATP leads to pore dilation. After a 5-min application of saturating ATP, we find that the evoked current remains constant, suggesting that the DP2X 4 -C construct represents a non-pore-dilated open state ( Supplementary  Fig. 1g, h) .
Interestingly, there are no hydrophilic residues lining the middle of the pore (Fig. 4d) . Therefore, water molecules coordinated to permeating cations probably interact with main-chain carbonyl oxygen and nitrogen atoms. For the rat P2X 2 receptor, however, a threonine implicated in ion selectivity is at the position equivalent to Ala 347 in zebrafish P2X 4 (Fig. 4d, e) 16 , near the constriction region in the pore, thus suggesting that this protein side chain interacts directly with permeant hydrated cations 43, 44 .
Ion access to the pore
The previous zebrafish DP2X 4 -B 1 structure suggested two possible pathways by which cations might access the ion channel: a central pathway, along the three-fold axis of symmetry, and a lateral pathway through the fenestrations 'above' the ion channel pore (Fig. 4a-c ) 16 . In the open-state, ATP-bound DP2X 4 -C structure, the pathway along the three-fold axis of symmetry is too small to allow for ion permeation, whereas the lateral fenestrations in the extracellular vestibule of DP2X 4 -C are wide open (Fig. 4a-c ) 16 . Therefore, the lateral fenestrations are the pathways by which hydrated ions enter and exit the receptor, in agreement with recent cysteine-accessibility, cysteinebased cross-linking and computational studies 45, 46 . Once ions pass through the fenestrations, the highly acidic central vestibule attracts cations and repels anions, thus concentrating cations close to the entrance of the ion channel pore 46 .
Structural transition in the transmembrane domain
A structural comparison of the transmembrane regions of the closed and open states shows that the transmembrane helices rearrange in an iris-like movement in going from the closed to the open state (Fig. 5) .
Relative to the closed state structure, transmembrane domain 1 (TM1) and TM2 rotate by ,10u and ,55u anticlockwise about a pore-centre axis perpendicular to the membrane plane, and increase their tilt angle by ,8u and ,2u about an axis parallel to the membrane plane, respectively ( 
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helices move away from the central axis by ,3 Å to expand an ion conductive pore ( Supplementary Fig. 10 and Supplementary Movie 1) .
The transition from closed to open pore greatly alters intra-and intersubunit interactions between the transmembrane helices ( Supplementary Fig. 11 ). In the apo state of the receptor, several interactions between TM2 helices that include contacts between Leu 340, Leu 346 and Ala 347 stabilize the closed conformation of the pore (Supplementary Fig. 11c ). In the ATP-bound open state, these interactions are ruptured as the transmembrane helices move away from the three-fold axis. Accompanying the radial movement of the transmembrane helices from the three-fold axis is a kinking of the TM2 helix that allows for new contacts to form between subunits involving Leu 346 and Ile 355, stabilizing the wide-opening pore conformation ( Supplementary Fig. 11d ). The kink in TM2 is localized to Gly 350 (Fig. 5c, Supplementary Fig. 11 and Supplementary Movie 1) , a conserved residue previously suggested to function as a gating hinge 12, 47 . Gly 350 is associated with weak electron density ( Supplementary  Fig. 4b ), an observation consistent with its role as a flexible hinge.
The movement of the transmembrane helices away from the threefold axis creates notable 'gaps' between the transmembrane helices of adjacent subunits, voids that must be occupied by lipid molecules when the channel resides in its native membrane environment ( Fig. 5d and Supplementary Fig. 11c, d ). Interestingly, residues lining the gaps between subunits and near the kink in TM2 include amino acids implicated in interactions with ivermectin 48, 49 , a positive allosteric modulator of P2X 4 receptors ( Supplementary Fig. 12 ) 50 . We therefore suggest that ivermectin, and perhaps endogenous lipids, may occupy the gap between transmembrane helices in the open state, and by so doing allosterically modulate the activity of the channel.
Mechanism of activation
A structural comparison of the extracellular regions of the apo, closed and agonist-bound open states shows how ATP binding leads to channel activation. First, at the ATP-binding site, within the intrasubunit cleft, ATP promotes cleft closure between the head and dorsal fin domains, causing the movement of the dorsal fin domain 'up' towards the head domain to accommodate ATP via hydrophobic interactions, whereas ATP pushes out the left flipper from the ATPbinding pocket (Fig. 6, Supplementary Figs 13, 14 and Supplementary Movie 2). Because the dorsal fin and left flipper are structurally coupled to the lower body domain (Supplementary Figs 13, 14 and Supplementary Movie 2), there is a concomitant outward flexing of the lower body domain in the ATP-bound state that substantially expands the extracellular vestibule, increasing the separation by ,10 Å (Figs 2c, d and 6c, d ). In the flexing or 'lever arm' motion of the lower body domains, the upper body domains of each subunit largely behave as a rigid body, or brace ( Supplementary Fig. 15 ), and subunits rotate by ,8u around a rotation axis located in the upper body (Fig. 6a) . Finally, the lower body domains are directly coupled to TM1 and TM2 and thus their outward flexing directly promotes the opening of the ion channel pore by causing the transmembrane helices to 'expand' in an iris-like motion (Figs 2c, d and 6c, d and Supplementary Movie 2).
In the context of this structure-based mechanism we speculate that competitive antagonists, such as 29,39-O-(2,4,6-trinitrophenyl)-ATP (TNP-ATP) 32 , antagonize the receptor by binding to the ATP site while blocking dorsal fin closure and subsequent ion channel gating because of the steric bulk of the trinitrophenyl moieties (Supplementary Fig. 16 ).
Conclusion
The crystal structure of the P2X 4 -C receptor in complex with ATP shows, to the best of our knowledge, that P2X receptors contain an ATP-binding motif not previously seen before. Agonist binding promotes cleft closure in an intersubunit-binding site, resulting in the flexing of the lower body domain that in turn directly expands the region of the receptor proximal to the ion channel pore, causing an iris-like opening of an ion conductive pathway. After transition to the open state, potential ion pathways in the extracellular domain along the three-fold axis remain occluded by protein, and cations instead gain access to the ion channel by way of three lateral fenestrations. The open state of the receptor is characterized by few subunit-subunit contacts within the transmembrane domains and these relatively large gaps are probably occupied by lipids and allosteric modulators such as ivermectin. Sparse contacts between transmembrane domains suggest that the ion channel domain may adopt several conformations, a structural observation consistent with a multiplicity of pore selectivity states deduced from electrophysiological studies of P2X receptors. Taken together, this work illustrates how the binding of ATP activates P2X receptors and initiates ionotropic purinergic signalling.
METHODS SUMMARY
The zebrafish DP2X 4 -C and DP2X 4 -B proteins were expressed as N-terminal octa-histidine-enhanced green fluorescent protein (EGFP) fusions in baculovirus-infected Sf9 cells, and were purified as described previously 16 . For samples used in crystallization, 1 mM ATP and 1 mM GdCl 3 were added to purified DP2X 4 -C and DP2X 4 -B, respectively. Apo state DP2X 4 -B 2 crystals were grown at 4 uC by vapour diffusion using a reservoir solution containing 18-22% PEG 3350, 100 mM MgCl 2 , 2 M NaCl and 0.1 M imidazole, pH 6.5. For ATP-bound DP2X 4 -C crystals, growth occurred at 4 uC by vapour diffusion with a reservoir solution containing 20-26% PEG 2000, 300 mM Mg(NO 3 ) 2 and 100 mM Tris, pH 8.0. Diffraction data were processed and the structures were solved by molecular replacement. The resulting models were then subjected to iterative cycles of manual adjustment and crystallographic refinement. The functional 
